WORLD INTELLECTUAL PROPERTY ORGANIZATION 
International Bureau 



PCT 

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 


(51) International Patent Classification 6 : 

F23C 6/04, F23L 7/00, F23C 1/12, F23N 
5/00 


Al 


(11) International Publication Number: WO 99/08045 

(43) International Publication Date: 18 February 1999 (18.02.99) 


(21) International Application Number: PCT/US98/ 16337 

(22) International Filing Date: 10 August 1998 (10.08.98) 


(30) Priority Data: 

08/908,824 


8 August 1997 (08.08.97) 


US 


(71) Applicant: GAS RESEARCH INSTITUTE [US/US]; 8600 
West Bryn Mawr Avenue, Chicago, IL 60631 (US). 

(72) Inventors: HURA, Harjit, S.; 12105 Brisben Place, Cincinnati, 
OH 45249 (US). BREEN, Bernard, P.; 630-B Trimont 
Lane, Pittsburgh, PA 15222 (US). 

(74) Agents: FEJER, Mark, E. et al.; Speckman Pauley Petersen & 
Fejer, Suite 365, 2800 West Higgins Road, Hoffman Estates, 
IL 60195 (US). 


(81) Designated States: AL, AM, AT, AU, AZ, BA, BB, BG, BR, 
BY, CA, CH, CN, CU, CZ, DE, DK, EE, ES, FI, GB, GE, 
GH, GM, HR, HU, ID, IL, IS, JP, KE, KG, KP, KR, KZ, 
LC, LK, LR, LS, LT, LU, LV, MD, MG, MK, MN, MW, 
MX, NO, NZ, PL, PT, RO, RU, SD, SE, SG, SI, SK, SL, TJ, 
TM, TR, TT, UA, UG, UZ, VN, YU, ZW, ARIPO patent 
(GH, GM, KE, LS, MW, SD, SZ, UG, ZW), Eurasian patent 
(AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), European patent 
(AT, BE, CH, CY, DE, DK, ES, FI, FR, GB, GR, IE, IT, 
LU, MC, NL, PT, SE), OAPI patent (BF, BJ, CF, CG, CI, 
CM, GA, GN, GW, ML, MR, NE, SN, TD, TG). 


Published 

With international search report. 
With amended claims and statement. 


(54) Title: NITROGEN OXIDE REDUCTION BY GASEOUS FUEL INJECTION IN LOW TEMPERATURE, OVERALL FUEI^LEAN 
FLUE GAS 

(57) Abstract 

A process and apparatus for combustion of a solid 
carbonaceous material, for example coal, in which a 
mixture of the solid carbonaceous material and com- 
bustion air is injected into a combustion chamber and 
ignited, thereby forming a fuel-lean primary combus- 
tion zone. A gaseous fuel is injected into the com- 
bustion chamber in a region downstream of the primary 
combustion zone, thereby forming a fuel-lean secondary 
combustion zone. Temperature in the secondary com- 
bustion zone is in the range of about 1800 °F to 2400 
°F. 



PRIMARY AIR COMBUSTION 
AIR 


BNSOOCID: <WO 9908045A1_I_> 


FOR THE PURPOSES OF INFORMATION ONLY 
Codes used to identify States party to the PCT on the front pages of pamphlets publishing international applications under the PCT. 


AL Albania ES 

AM Armenia FI 

AT Austria FR 

AU Australia GA 

AZ Azerbaijan GB 

BA Bosnia and Herzegovina GE 

BB Barbados GH 

BE Belgium GN 

BF Burkina Faso GR 

BG Bulgaria HU 

BJ Benin IE 

BR Brazil IL 

BY Belarus IS 

CA Canada IT 

CF Central African Republic JP 

CG Congo KE 

CH Switzerland KG 

CI Cdted'lvoire KP 

CM Cameroon 

CN China KR 

CU Cuba KZ 

CZ Czech Republic LC 

DE Germany LI 

DK Denmark LK 

EE Estonia LR 


Spam 
Finland 
France 
Gabon 

United Kingdom 

Georgia 

Ghana 

Guinea 

Greece 

Hungary 

Ireland 

Israel 

Iceland 

Italy 

Japan 

Kenya 

Kyrgyzstan 

Democratic People's 

Republic of Korea 

Republic of Korea 

Kazakstan 

Saint Lucia 

Liechtenstein 

Sri Lanka 

Liberia 


LS 

Lesotho 

SI 

Slovenia 

LT 

Lithuania 

SK 

Slovakia 

LU 

Luxembourg 

SN 

Senegal 

LV 

Latvia 

sz 

Swaziland 

MC 

Monaco 

TD 

Chad 

MD 

Republic of Moldova 

TG 

Togo 

MG 

Madagascar 

TJ 

Tajikistan 

MK 

The former Yugoslav 

TM 

Turkmenistan 


Republic of Macedonia 

TR 

Turkey 

ML 

Mali 

TT 

Trinidad and Tobago 

MN 

Mongolia 

UA 

Ukraine 

MR 

Mauritania 

UG 

Uganda 

MW 

Malawi 

US 

United States of America 

MX 

Mexico 

uz 

Uzbekistan 

NE 

Niger 

VN 

Viet Nam 

NL 

Netherlands 

YU 

Yugoslavia 

NO 

Norway 

zw 

Zimbabwe 

NZ 

New Zealand 



PL 

Poland 



PT 

Portugal 



RO 

Romania 



RU 

Russian Federation 



SD 

Sudan 



SE 

Sweden 



SG 

Singapore 




RNSDOCIDt<WO 9908045A1 I > 


WO 99/08045 PCT/US98/16337 

NITROGEN OXIDE REDUCTION BY GASEOUS FUEL INJECTION 
IN LOW TEMPERATURE,. OVERALL FUEL-LEAN FLUE GAS 


BACKGROUND OF THE INVENTION 
This invention relates to a fuel reburn process and apparatus for reduction of 
NO x emissions resulting from the combustion of solid carbonaceous materials, such as coal, 
in boilers, fluidized bed combustors, and similar combustion devices. In addition to reducing 
NO x emissions from boilers and similar devices, the fuel reburn process and apparatus of this 
invention also maintain CO emissions at environmentally acceptable levels without the 
addition of air or oxygen downstream of the fuel reburn zone. 

DESCRIPTION OF PRIOR ART 
The utilization of coal for power generation results in emission of nitric oxides 
(NO x ) which are formed primarily as a result of oxidation of the nitrogen inherent in the coal 
and oxidation of molecular nitrogen present in the combustion air. Nitric oxides released in 
the atmosphere contribute to acid rain, accelerate the photochemical reactions responsible for 
smog, and result in increased ground level ozone concentrations. The emission of nitric oxides 
from existing coal burning power plants is governed by Title I and Title IV of the Clean Air 
Act Amendments of 1990. Title IV limits the allowable NO x emissions to 0.45 pounds per 
MBtu for tangential fired boilers and 0.50 pounds per MBtu (approximately 375 ppm) for wall 
fired boilers. NO x emission limits at 0.20 pounds per MBtu have been proposed in the ozone 
non-attainment areas under Title I, and have been targeted for decade end implementation 
under the Ozone Transport Region Memorandum of Understanding. 

One technique for reducing the amount of NO x produced in a combustion 
process and. thus, emitted by said combustion process, is the use of fuel-rich reburn. Such a 
reburn process is taught, for example, by U.S. Patent 5,020,456; U.S. Patent 5,105,747; U.S. 
Patent 5,307,746; and U.S. Patent 5,205,227. Each of these U.S. patents teaches a process and 
apparatus for emissions reduction from waste incineration in which a combustible material is 
burned in a primary combustion zone in the lower region of a combustion chamber, and an 
oxygen deficient secondary combustion zone for mixing with the combustion products from 
the primary combustion zone is formed by the injection of fuel, a calcined sorbent, recirculated 
flue gases, and, in some instances, a carrier fluid injected into the combustion chamber above 
the primary combustion zone. In each case, however, overfire air is injected into the 
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combustion chamber above the oxygen deficient secondary combustion zone to ensure 
complete combustion of any remaining combustible materials in the combustion products from 
the oxygen deficient secondary combustion zone. The use of overfire air is necessary to ensure 
that no unburned hydrocarbons are exhausted by the combustion process. The requirement for 
overfire air adds significant capital and operating costs. 

SUMMARY OF THE INVENTION 
Accordingly, it is one object of this invention to provide a process for 
combustion of a solid carbonaceous material, such as coal, which reduces the amount of NO x 
emissions generated and emitted compared to conventional coal combustion processes. 

It is another object of this invention to provide a process and apparatus for 
combustion of a solid carbonaceous material which reduces NO x emissions in the range of 20- 
60% over conventional uncontrolled combustion processes. 

It is yet another object of this invention to provide a process for combustion of 
a solid carbonaceous material by employing a fuel reburn process which maintains CO at 
environmentally acceptable levels but does not require the use of overfire air injection, thereby 
reducing both the capital and operating costs as compared to combustion processes utilizing 
conventional rebum technology. 

It is yet another object of this invention to provide a process and apparatus for 
combustion of a solid carbonaceous material which does not give rise to slagging and fouling 
problems like other low NO x technologies. 

These and other objects of this invention are achieved by a process for 
combustion of a solid carbonaceous material, such as pulverized or crushed coal, comprising 
injecting a mixture of the solid carbonaceous material and combustion air into a combustion 
chamber and igniting the mixture, thereby forming a fuel-lean primary combustion zone, and 
injecting a gaseous fuel into the combustion chamber in a region above, or downstream of, 
the primary combustion zone, thereby forming a fuel-lean secondary combustion zone. The 
secondary combustion zone has a temperature in the range of about 1800°F to about 2400°F. 
The conditions in this secondary combustion zone are not favorable for producing CO and, 
thus, CO is not produced in amounts sufficient to require the injection of air or oxygen 
downstream of the second combustion zone in order to maintain CO emissions at acceptable 
levels. 

In accordance with a particularly preferred embodiment of the process of this 
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invention, the gaseous fuel injected into the combustion chamber to form the fuel-lean 
secondary combustion zone is natural gas. In accordance with another embodiment of this 
invention, the gaseous fuel is injected into the combustion chamber together with a carrier 
fluid. 

The apparatus for combustion of a solid carbonaceous material in accordance 
with one embodiment of this invention comprises at least one combustion chamber wall 
enclosing a combustion chamber, the combustion chamber having an upstream portion and a 
downstream portion, fuel injection means for injecting the pulverized solid carbonaceous 
material into the upstream portion of the combustion chamber, gaseous fuel injection means 
for injecting a gaseous fuel into the downstream portion of the combustion chamber, and 
feedback means for maintaining an oxygen content in the flue gases exhausted from the 
combustion chamber in a range of about 1 .0% to 2.0%. In accordance with one embodiment 
of the apparatus of this invention, the gaseous fuel injection means comprises a carrier fluid 
injection means for injecting a carrier fluid together with the gaseous fuel into the combustion 
chamber. 

BRIEF DESCRIPTION OF THE DRAWINGS 

These and other objects and features of this invention will be better understood 
from the following detailed description taken in conjunction with the drawings wherein: 

Fig. 1 is a schematic diagram of a conventional combustion apparatus utilizing 
reburn as a means for controlling NO x emissions; 

Fig. 2 is a schematic diagram of one gaseous fuel injector for a combustion 
apparatus in accordance with one embodiment of this invention; 

Fig. 3 is a schematic diagram of a gaseous fuel injector for a combustion 
apparatus in accordance with another embodiment of this invention; 

Fig. 4 is a schematic diagram of a combustion apparatus utilizing the fuel 
reburn process of this invention; and 

Fig. 5 is a diagram showing equilibrium NO concentrations in typical flue gases 
as a function of temperature and oxygen content. 

DESCRIPTION OF PREFERRED EMBODIMENTS 

NO x emissions from boilers are a result of chemical kinetic and not 
thermodynamic limitations. Fig. 5 shows the equilibrium NO concentrations in typical flue 
gases from a boiler as a function of temperature and oxygen content. The equilibrium NO 
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concentration decreases rapidly with decreasing flue gas temperature, and concentrations of 
NO under 100 ppm are predicted at flue gas temperatures of 1800°F. Therefore, NO 
emissions from boilers are a result of quenching of the NO equilibrating chemistry. 
Conventional in-furnace and back-end NO x control technologies remove the chemical kinetic 
constraints to NO equilibration by injecting small amounts of natural gas and amine (NHj) 
based compounds, such as ammonia and urea, into the combustion chamber. 

A conventional fuel rebuming process for a coal-fired boiler is shown in Fig. 
1 . Coal is introduced through fuel injection means 13 into a lower, or upstream, region of 
combustion chamber 16 forming primary combustion zone, as indicated by arrows 10, having 
a stoichiometry of air/fuel of about 1.1. Air and natural gas, the natural gas comprising about 
20% of the total heal input to the combustion chamber 16 are introduced through gaseous fuel 
injection means 14 into an upper, or downstream, region of combustion chamber 16, creating 
a secondary combustion zone, as indicated by arrows 11, above, or downstream of, the 
primary combustion zone 1 0, the secondary combustion zone being oxygen deficient, that is, 
having a zone stoichiometry of about 0.9. As a result, conventional rebum processes require 
the addition of overfire air through overfire air injection means 26 to create a tertiary 
combustion zone 25 above, or downstream of, the secondary combustion zone 1 1 to ensure 
complete combustion of any combustibles in the combustion products from the secondary 
combustion zone 1 1 . As shown in Fig. 1, the stoichiometry of the tertiary combustion zone 
25 is fuel-lean, typically about 1.16. As compared to the process and apparatus of this 
invention, the conventional reburn process requires greater quantities of gas and the use of 
overfire air, both of which increase the costs associated with NO x control. 

The process for combustion of a solid carbonaceous material in accordance with 
one embodiment of this invention comprises injecting a mixture of solid carbonaceous 
material, preferably coal, and combustion air into a combustion chamber and igniting the 
mixture, thereby forming a fuel-lean primary combustion zone 10 as shown in Fig. 4. The 
stoichiometric ratio in the primary combustion zone 1 0 is preferably in the range of about 1 .05- 
1.30. A gaseous fuel is injected into the combustion chamber in a region above, or 
downstream of, the primary combustion zone 10, forming a fuel-lean secondary combustion 
zone 11. The stoichiometric ratio in the fuel-lean secondary combustion zone 1 1 is preferably 
in the range of about 1 .05- 1.15. To inhibit the formation of NO x in the secondary combustion 
zone, the secondary combustion zone 1 1 has a temperature in the range of about 1 800 °F to 
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2400 °F. In accordance with a particularly preferred embodiment of this invention, the gaseous 
fuel injected into the combustion chamber above, or downstream of, the primary combustion 
zone 10 is natural gas in an amount comprising in the range of about 2% to 15% of the total 
amount of heat input to the combustion chamber. Although the description of this invention 
is geared toward a solid fuel combustor in which the solid fuel is introduced into a lower 
region of the combustion chamber and reburn fuel is introduced into a region of the 
combustion chamber "above" the lower region, there is no intent to limit the scope of this 
invention to combustors of this configuration. The critical feature of this invention is the 
introduction of a reburn fuel downstream of a primary combustion zone formed by combustion 
of the solid carbonaceous fuel so as to form a fuel-lean secondary combustion zone 
downstream of the primary combustion zone, reducing NO x by 20-60% over conventional 
combustion processes, all the while maintaining CO at environmentally acceptable levels, 
without utilizing additional combustion air downstream of the secondary combustion zone. 

By the term "solid carbonaceous materiar as used throughout this description 
and the claims, we mean any solid material having sufficient carbon content to render said 
material suitable for use as a fuel. The material may be pretreated, for example, crushed or 
pulverized, to render said material suitable for mixing with combustion air and introduction 
into a combustion chamber. 

The process of this invention relies on achieving high NO x reductions with 
acceptable CO levels by injecting the gaseous fuel, such as natural gas, into the products of 
combustion generated in primary combustion zone 10 in a temperature window of about 
1 800°-2400°F. Given the conditions of typical products of combustion, NO x reductions of 
20% to 60% can be expected at a natural gas input of 2% to 1 5% of the total heat input to the 
furnace. No overfire air injection is needed because fuel -lean conditions are maintained in 
both the primary and secondary combustion zones 10, 1 1. 

In addition, because gaseous fuels burn more rapidly at a lower temperature 
than solid carbonaceous fuels such as coal, the gaseous fuel can be introduced at a higher 
elevation, or further downstream, and a lower temperature within the combustion chamber 
than the coal. This lower temperature acts to reduce the equilibrium level of nitrogen oxide 
in the products of combustion and, thus, increases the nitrogen oxide reduction possible. The 
cost of reducing NO x is decreased because duct work is not necessary for injection of 
completion air, and less natural gas is used than in the conventional fuel-rich reburn process. 
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Thus, both capital and operating costs are lower than in conventional reburn processes. 

The process of this invention reduces nitrogen oxide emissions in several ways. 
First, the gaseous fuel, natural gas or other preferred hydrocarbon, has no fixed nitrogen. 
Consequently, no nitrogen oxides are produced from the ftiel source. In fact, the nitrogen 
oxide emissions per Btu of fuel fired is decreased due to displacement of the solid 
carbonaceous fuel by the gaseous fuel. Secondly, the gas is injected at temperatures below 
3000°F, as a result of which thermal nitrogen oxide formation is negligible. Thirdly, the 
gaseous fuel reduces the NO x in the flue gases due to the following reactions. 

Nitric oxide reduction during conventional reburning occurs through its 
reactions with CH { and NHj radicals. The partial oxidation and pyrolysis of the hydrocarbon 
fuel results in the formation of CH f radicals which react with NO to form HCN. This initial 
chemistry is followed by radical abstraction reactions of HCN which results in N 2 , NH 3 , and/or 
NO x formation, and further NO x reduction from the amine radicals. The low temperature gas 
combustion significantly improves the overall NO x reduction due to the selective chemistry 
between the NO and the NH, radicals in a narrow temperature window around 1800°F. In 
conventional reburn, due to high completion temperatures, a substantial portion of the HCN 
and NH 3 formed in the fuel-rich reburn zone is reconverted into NO x during completion air 
addition. 

Fig. 4 shows a schematic diagram of an improved apparatus for reducing 
nitrogen oxide emissions in combustion products from combustion of a pulverized solid 
carbonaceous material in accordance with one embodiment of this invention. The apparatus 
comprises at least one combustion chamber wall 12 enclosing combustion chamber 16, 
combustion chamber 16 having a lower portion 17 and an upper portion 18. The apparatus 
further comprises fuel injection means 13 for injecting the pulverized solid carbonaceous 
material into lower portion 17 of combustion chamber 16 to form a primary combustion zone 
as designated by arrows 10. Gaseous fuel injection means 14 are provided for injecting a 
gaseous fuel into upper portion 18 of combustion chamber 16, thereby forming a secondary 
combustion zone designated by arrows 11 in upper portion 18 of combustion chamber 16 
above primary combustion zone 10. As shown, gaseous fuel injection means 14 may be 
provided at multiple levels of combustion chamber 16 thereby providing multiple layers of 
injected fuel in upper portion 18 of combustion chamber 16. Feedback means 27 measure the 
oxygen content in the flue gases exhausted through furnace exhaust 23 and, in accordance with 
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one embodiment of this invention, provide a signal for controlling the amount of gaseous fuel 
injected into combustion chamber 16 so as to maintain an oxygen content in the flue gases in 
the range of about 0.5% to 5.0% and most preferably in the range of about 1 .0% to 2.0% while 
maintaining CO at acceptable levels, nominally less than about 200 ppm. 

In accordance with one preferred embodiment of this invention, fuel injection 
means 14 comprises carrier fluid injection means 15 for injecting a carrier fluid together with 
the gaseous fuel into combustion chamber 16. In accordance with a typical operation of the 
process of this invention, the carrier fluid flow through carrier fluid injection means 1 5 is set 
after which the gaseous fuel flow is gradually increased to achieve a target stoichiometry in 
upper portion 18 of combustion chamber 16. The preferred stoichiometry in secondary 
combustion zone 1 1 is in the range of about 1.05 to 1.20 and the most preferred stoichiometry 
is in the range of about 1 .05 to 1.10 which corresponds to a final flue gas oxygen content of 
about 1 .0% to 2.0%. By way of example, if primary combustion zone 10 has a stoichiometry 
of 1.15 corresponding to approximately 3% primary combustion zone oxygen content, 
injection of natural gas in the amount of 7.5% of the total heat input to the combustion 
chamber 16 will result in a final stoichiometry of about 1.075, or 1.5% flue gas oxygen 
content. Gaseous fuel injection means 14 controls the gaseous fuel flow into combustion 
chamber 1 6 to maintain the target stoichiometry using oxygen concentration in the flue gas as 
an input as provided by feedback means 27. Gaseous fuel flow can be expected to vary 
continuously due to the dynamic nature of the boiler flow field. For example, in a coal-fired 
boiler, it is not unusual for oxygen content in the combustion gas entering the secondary 
combustion zone to vary by plus or minus 0.25% about a mean value over a several minute 
period. The variation is a result of the uncontrolled variation in coal feed rate, the time lags 
associated with adjustments in the air fans and inaccuracies or inadequacies in the measured 
data and control systems. Therefore, it is expected that secondary combustion zone 
stoichiometry, although always remaining fuel-lean, will vary about the preferred 
stoichiometry to some extent. 

In accordance with a particularly preferred embodiment of this invention, 
combustion chamber 16 is designed to utilize coal. The coal enters combustion chamber 16 
through fuel injection means 13 comprising mill 24 and nozzle 28. The fuel bums in primary 
combustion zone 10 in which temperatures are typically in excess of about 3000 °F. The 
combustion products from combustion chamber 16, pass heat exchangers 19 and through 
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furnace exhaust 23. The flue gas preferably has a temperature in the range of about 1800°- 
2500 °F when it exits through furnace exhaust 23 near heat exchangers 19. Heat exchangers 
19 cause the temperature to drop very rapidly and any unburned fuel which enters these heat 
exchangers usually will be wasted and exit the combustion chamber as hydrocarbon emissions. 

During the combustion of the solid fuel, some of the fuel bound nitrogen will 
react with oxygen to form NO x and some NO x will be formed from atmospheric nitrogen and 
oxygen. The process of this invention reduces NO x by injecting gaseous fuel into combustion 
chamber 16 between lower portion 17 and heat exchangers 19. 

In accordance with one preferred embodiment of this invention, the combustion 
apparatus comprises carrier fluid injector means 15 for injecting a carrier fluid with the 
gaseous fuel into the upper portion 18 of combustion chamber 16. Carrier fluid flow is 
controlled to achieve rapid and uniformal dispersal of the gaseous fuel in the combustion 
chamber. Said fuel injection means 13 in accordance with one embodiment are injectors 
designed to inject the fuel/carrier gas mixture as high velocity, high momentum fuel-rich 
turbulent jets. The injectors themselves can be of an internal mixing variety as shown in Fig. 
2 or an external mixing variety as shown in Fig. 3 . The high velocity jets typically require gas 
supply pressures greater than about 5 psig. The jets mix and entrain the NO x containing flue 
gases to create fuel-rich eddies where the NO is reduced to N 2 . 

As shown in Fig. 2, a gas injector in accordance with one embodiment of this 
invention utilizes internal mixing in which the gaseous fuel and carrier fluid are mixed prior 
to introduction into the combustion chamber. In the external mixing design, shown in Fig. 3, 
there is no mixing of the gaseous fuel and carrier fluid inside the injector. In both injector 
designs, a nozzle is mounted at the injector tip to control the jet velocity and jet size. The jet 
velocity and jet diameter determine the penetration and mixture characteristics of the gaseous 
fuel/carrier fluid jets. In accordance with one preferred embodiment of this invention, the 
external mixing injector comprises swirlers 22 for swirling the carrier fluid as it exits, thereby 
promoting mixing with the gaseous fuel in the combustion chamber. 

EXAMPLE 

Lance injectors, were utilized during a series of tests of the process and 
apparatus of this invention. The tests were conducted on a single cyclone-fired 6 MBtu/hour 
test facility. The cyclone was typically operated with an excess oxygen of 2% to 4% and the 
initial NO x was in the 800 ppm to 1200 ppm range. NO x reductions of 40% were achieved 
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with 5% to 7% gaseous fuel injection in 2200 °F to 2300 °F flue gas. Higher NO x reductions 
were achieved when the gaseous fuel was injected at lower temperatures. A maximum 
reduction of 58% was measured for 1 1% gaseous fuel injection in 4.1% oxygen furnace gas 
at an injection temperature of 2000 °F. The gas used was natural gas. These results 
demonstrate that natural gas can be ignited and its combustion completed in low oxygen and 
low temperature flue gas, thus allowing nitric oxide to equilibrate towards levels 
commensurate with the lower oxygen and lower temperature furnace exit conditions. 

These tests also show that uniform mixing or dispersion of the injected gaseous 
fuel with the nitric oxide containing flue gas is important for achieving simultaneous nitric 
oxide and carbon monoxide emissions control. Given the small injection volume (less than 
about 1.0%) of the gaseous fuel, use of a carrier to improve mixing may be necessary in some 
applications. In general, large units (greater than 200 MW) and units which require gas fuel 
jet penetrations greater than approximately 10 feet will likely require a carrier fluid to deliver 
the gas into the furnace. The use of a carrier would also be beneficial in furnaces which have 
a very non-uniform flow entering the gas injection zone. In accordance with one preferred 
embodiment of this invention, the mass flow rate of carrier fluid injected into the combustion 
chamber is up to about five times the mass flow rate of gaseous fuel injected into the 
combustion chamber. In accordance with a particularly preferred embodiment, the mass flow 
rate of carrier fluid injected into the combustion chamber is in the range of about 1 to 2 times 
the mass flow rate of gaseous fuel injected into the combustion chamber. The carrier fluid 
should preferably be an inert gas. Preferred carrier fluids are steam and recirculated flue gas, 
although air can also be used. 

While in the foregoing specification this invention has been described in 
relation to certain preferred embodiments thereof, and many details have been set forth for 
purpose of illustration, it will be apparent to those skilled in the art that the invention is 
susceptible to additional embodiments and that certain of the details described herein can be 
varied considerably without departing from the basic principles of the invention. 
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WE CLAIM: 

1 . A two-stage process for combustion of a solid carbonaceous material 

comprising: 

injecting a mixture of said solid carbonaceous material and combustion air into 
a combustion chamber and igniting said mixture, thereby forming a fuel-lean primary 

combustion zone; and 

injecting a gaseous fuel into said combustion chamber in a region downstream 
of said primary combustion zone, thereby forming a fuel-lean secondary combustion zone, said 
secondary combustion zone having a temperature in a range of about 1800°F to 2400 °F. 

2. A process in accordance with Claim 1, wherein said gaseous fuel is 

natural gas. 

3. A process in accordance with Claim 1, wherein said gaseous fuel is 
injected into said combustion chamber with a carrier fluid. 

4. A process in accordance with Claim 3, wherein said carrier fluid is an 

inert gas. 

5. A process in accordance with Claim 3, wherein said carrier fluid is 
selected from the group consisting of steam, recirculated flue gas, and mixtures thereof. 

6. A process in accordance with Claim 1, wherein said gaseous fuel is 
injected into said combustion chamber at a rate which results in an oxygen content of flue 
gases exiting said combustion chamber in a range of about 0.5% to 5.0%. 

7. A process in accordance with Claim 1, wherein said gaseous fuel is 
injected into said combustion chamber at a rate which results in an oxygen content of flue 
gases exiting said combustion chamber in a range of about 1 .0 to 2.0 percent and a CO content 
of less than about 200 ppm. 
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8. A process in accordance with Claim 1, wherein said gaseous fuel 
injected into said combustion chamber comprises in a range of about 2 to 15 percent of a total 
amount of heat input to said combustion chamber. 

9. A process in accordance with Claim 3, wherein said carrier fluid is 
injected into said combustion chamber at a mass flow rate in a range of about 0 to 5 times a 
mass flow rate of said gaseous fuel injected into said combustion chamber. 

10. A process in accordance with Claim 9, wherein said carrier fluid is 
injected into said combustion chamber at a mass flow rate in a range of about 1 to 2 times the 
mass flow rate of said gaseous fuel injected into said combustion chamber. 

11. A process in accordance with Claim 1 , wherein a primary air/fuel 
stoichiometric ratio in said primary combustion zone is in a range of about 1.05 to 1.30. 

12. A process in accordance with Claim 1, wherein a secondary air/fuel 
stoichiometric ratio in said secondary combustion zone is in a range of about 1.05 to 1.20. 

13. A process in accordance with Claim 1 2, wherein said secondary air/fuel 
stoichiometric ratio is in the range of about 1.05 to about 1.10. 

14. A process in accordance with Claim 3, wherein said carrier fluid is 
premixed with said gaseous fuel prior to injection into said combustion chamber. 

15. A process in accordance with Claim 1 , wherein said solid carbonaceous 
material is at least one of crushed coal and pulverized coal. 
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16. An apparatus for two-stage combustion of a solid carbonaceous material 

comprising: 

at least one combustion chamber wall enclosing a combustion chamber, said 
combustion chamber having an upstream portion and a downstream portion; 

fuel injection means for injecting said solid carbonaceous material into said 
upstream portion of said combustion chamber; 

gaseous fuel injection means for injecting a gaseous fuel into said downstream 
portion of said combustion chamber; and 

feedback means for maintaining an oxygen content in flue gases exhausted from 
said combustion chamber in a range of about 0.5 to 5.0 percent and CO at a level less than 
about 200 ppm. 

17. An apparatus in accordance with Claim 16, wherein said gaseous fuel 
injection means comprises a carrier fluid injection means for injecting a carrier fluid together 
with said gaseous fuel into said combustion chamber. 

18. An apparatus in accordance with Claim 17, wherein said gaseous fuel 
injection means comprises premix means for premixing said carrier fluid with said gaseous 
fuel prior to injection into said combustion chamber. 

19. An apparatus in accordance with Claim 1 7, wherein said gaseous fuel 
injection means comprises carrier fluid means for injecting said carrier fluid into said 
combustion chamber so as to mix with said gaseous fuel. 

20. An apparatus in accordance with Claim 16, wherein said feedback 
means comprises gaseous fuel injection control means for controlling injection of said gaseous 
fuel based upon oxygen content of said flue gases. 
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AMENDED CLAIMS 

[received by the International Bureau on 13 January 1999 (13.01.99); 
original claim 1 amended; original claim 6 cancelled; 
remaining claims unchanged ( 1 page ) ] 

1. A two-stage process for combustion of a solid carbonaceous material 

comprising: 

injecting a mixture of said solid carbonaceous material and combustion air into a 
combustion chamber and igniting said mixture, thereby forming a fuel-lean primary combustion 
zone; and 

injecting a gaseous fuel into said combustion chamber in a region downstream of said 
primary combustion zone, thereby forming a fuel-lean secondary combustion zone, said secondary 
combustion zone having a temperature in a range of about 1800°F to 2400 °F, and said gaseous fuel 
injected into said combustion chamber at a rate which results in an oxygen content of flue gases 
exiting said combustion chamber in a range of about 0.5% to 5.0%. 

2. A process in accordance with Claim 1, wherein said gaseous fuel is natural 

gas. 

3. A process in accordance with Claim 1, wherein said gaseous fuel is injected 
into said combustion chamber with a carrier fluid. 

4. A process in accordance with Claim 3, wherein said carrier fluid is an inert 

gas. 

5. A process in accordance with Claim 3, wherein said carrier fluid is selected 
from the group consisting of steam, recirculated flue gas, and mixtures thereof. 

7. A process in accordance with Claim 1 , wherein said gaseous fuel is injected 
into said combustion chamber at a rate which results in an oxygen content of flue gases exiting said 
combustion chamber in a range of about 1 .0 to 2.0 percent and a CO content of less than about 200 
ppm. 
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STATEMENT UNDER ARTICLE 19 

Claim 1 of the subject application has been amended by adding the 
elements and limitations of Claim 6. Claim 6 has been canceled in its entirety in view 
of the amendment to Claim 1 . The remaining claims remain unchanged. 

Claim 1, as amended, incorporates the elements and limitations of 
Claim 6 which the International Search Report has indicated is free of any significant 
prior art. 

Applicant respectfully urges that this amendment of the claims is fully 
supported by the application as originally filed and, thus, incorporates no new subject 
matter into the application. 


14 


WO 99/08045 PCT/US98/16337 

1/4 


OVERFIRE 
AIR PORTS 


REBURNING 
BURNERS 

13 



ZONE 
STOICHIOMETRY 

< 1-16 

rv, 25 


NATURAL GAS 
(20% OF HEAT 
INPUT) 


f 


•11 


<J 0.9 


-10 


FIG.1 

(PRIOR ART) 


BNSDOCID: <WO 9908045A1J_> 


SUBSTITUTE SHEET (RULE 26) 


WO 99/08045 


PCI7US98/16337 


2/4 


CARRIER GAS 


GASEOUS FUEL 



COMPLETELY MIXED 
STREAM 

FIG.2 



SUBSTITUTE SHEET (RULE 26) 


RN^nnnin: <wo 


9908045A1 I > 


WO 99/08045 


PCT/US98/16337 



9908045A1J _> 


FIG.4 

SUBSTITUTE SHEET (RULE 26) 


WO 99/08045 PCT/US98/16337 



1400 1600 1800 2000 2200 2400 2600 2800 3000 

TEMPERATURE, degF 

FIG.5 


SUBSTITUTE SHEET (RULE 26) 

BNSDOCID: <WO 9908045A1 I > 


INTERN A i. ON AL SEARCH REPORT 


Int ;ional Application No 

PCT/US 98/16337 


A. CLASSIFICATION OF SUBJECT MATTER 

IPC 6 F23C6/04 F23L7/00 F23C1/12 F23N5/00 


According to International Patent Classification(IPC) or to both national classification and (PC 


B. FIELDS SEARCHED 


Minimum documentation searched (classification system followed by classification symbols) 

IPC 6 F23C F23L F23N 


Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched 


Electronic data base consulted during the international search (name ot data base and, where practical, search terms used) 


C. DOCUMENTS CONSIDERED TO BE RELEVANT 


Category J Citation of document, with indication, where appropriate, of the relevant passages 


Relevant to claim No. 


US 5 078 064 A (BREEN BERNARD P ET AL) 
7 January 1992 

see column 4, line 37 - line 62 

see column 5, line 34 - line 59; figure 2 

US 5 307 746 A (KHINKIS MARK J ET AL) 
3 May 1994 

cited in the application 

see column 6, line 11 - line 15; figure 1 

US 4 779 545 A (BREEN BERNARD P ET AL) 

25 October 1988 

see the whole document 

US 5 181 475 A (BREEN BERNARD P ET AL) 

26 January 1993 

see the whole document 

-/— 


1,2,15, 
16 

3-5,8,17 


3-5,8,17 


03 


Further documents are listed in the continuation of box C. 


0 


Patent family members are listed in annex. 


' Special categories of cited documents : 

"A" document defining the general state of the art which is not 
considered to be of particular relevance 

*'E" earlier document but published on or after the international 
filing date 

"L" document which may throw doubts on priority claim(s) or 
which is cited to establish the publication date of another 
citation or other special reason (as specified) 

"O" document referring to an oral disclosure, use. exhibition or 
other means 

"P" document published prior to the international filing date but 
later than the priority date claimed 


T" later document published after the international filing date 
or priority date and not in conflict with the application but 
cited to understand the principle or theory underlying the 
invention 

"X" document of particular relevance; the claimed invention 
cannot be considered novel or cannot be considered to 
involve an inventive step when the document is taken alone 

"Y" document of particular relevance: the claimed invention 

cannot be considered to involve an inventive step when the 
document is combined with one or more other such docu- 
ments, such combination being obvious to a person skilled 
in the art. 

"&" document member of the same patent family 


Date of the actual completion ot the international search 


9 November 1998 


Date of mailing of the international search report 


16/11/1998 


Name and mailing address of the ISA 

European Patent Office, P.B. 5818 Patenttaan 2 
NL - 2280 HV Rijswijk 
Tel. (+31-70) 340-2040, Tx. 31 651 epo nl, 
Fax: (+31-70) 340-3016 


Authorized officer 


Coli, E 


Form PCT71SA/210 (second sheet) (July 1992) 
BNSDOCID: <WO 9908045A1_I_> 


page 1 of 2 


INTERNATIONAL SEARCH REPORT 


Int iional Application No 

PCT/US 98/16337 


C(Continuation) DOCUMENTS CONSIDERED TO BE RELEVANT 

Category - 

Citation of document, with indication.where appropriate, ot the relevant passages 

Relevant to claim No. 


A,P 


A,P 


US 4 097 218 A (WOMACK JOHN W) 

27 June 1978 

see the whole document 

EP 0 561 044 A (PRAXAIR TECHNOLOGY INC) 

22 September 1993 

see the whole document 

EP 0 809 067 A (GAZ DE FRANCE) 

26 November 1997 

see the whole document 


US 5 655 899 A (MCMICHAEL JAMES C 

12 August 1997 

see the whole document 


ET AL) 


6,7,20 


6,7,20 


1-20 


1-20 


1 


page 2 of 2 


INTERNATIONAL SEARCH REPORT 

Information on patent family members 


Int tional Application No 

PCT/US 98/16337 


Patent document 
cited in search report 

Publication 
date 

Patent family 
member(s) 

Publication 
date 

US 5078064 

A 

r\ 

07-01-1992 

CA 

2038796 

A 

08-06-1992 

US 5307746 

A 

03-05-1994 

US 

5020456 

A 

04-06-1991 




us 

5205227 

A 

27-04-1993 




CA 

2036994 

A.C 

29-08-1991 




DE 

69100162 

T 

28-10-1993 




DK 

445070 

T 

23-08-1993 




EP 

0445070 

A 

04-09-1991 




JP 

2026049 

C 

26-02-1996 




JP 

4217710 

A 

07-08-1992 




JP 

7062524 

B 

05-07-1995 




US 

5105747 

A 

21-04-1992 

US 477Q545 • 

A 

25-10-1988 

CA 

1316329 

A 

20-04-1993 


A 
r\ 

26-01-1993 

r a 

2088659 A,C 

04-08-1993 

US 4097218 

A 

27-06-1978 

NONE 




FP 0561044 

A 
n 

22-09-1993 

IK 

5176086 

A 

05-01-1993 




pa 

2081945 A,C 

17-09-1993 




OF 

69205269 

D 

09-11-1995 




DE 

69205269 

T 

02-05-1996 




ES 

2077955 

T 

01-12-1995 




JP 

5288325 

A 

02-11-1993 




MX 

9206298 

A 

01-09-1993 

EP 0809067 

A 

26-11-1997 

FR 

2749066 

A 

28-11-1997 




CZ 

9701352 

A 

17-12-1997 




PL 

320054 

A 

24-11-1997 




SK 

55397 

A 

14-01-1998 

US 5655899 

A 

12-08-1997 

NONE 





Form PCT/ISA/210 (patent family annex) (July 1 992) 
BNSDOCID: <WO 9908045A1 J > 


V 


miS PAGE BLANKS 


